This paper describes the main stages involved in the research efforts designed to try and understand the structure and function of purple bacterial antenna complexes. Wherever possible the work has been illustrated by pictures of the major people who carried it out.
Introduction
In 1975 when one of us, Richard Cogdell (RJC), returned to work in the UK after a period of postdoctoral research with Rod Clayton and Bill Parson in the US, very few people worked on, or were interested in, purple bacterial antenna complexes. Indeed, most of the research on light-harvesting (LH) in this bacterial system was being carried out by physical chemists, and the models that they were using did not involve any proteins! It is interesting, therefore, to go back and read the proceedings of the Ciba Foundation Symposium on Chlorophyll Organisation and Energy Transfer in Photosynthesis that was held in London in February 1978 (Wolstenholme and Fitzsimmons 1979) , and organized by George Porter and Jim Barber. This symposium volume not only contains the papers but also records the discussions which followed each presentation. It is clear from these discussions that this meeting was one of the first occasions where the idea that purple bacterial LH complexes were really well defined pigmentprotein complexes began to get general acceptance. In fact it was already clear from several previous studies (Thornber 1970; Aagaard and Sistrom 1972; Clayton and Clayton 1972; Nieth and Drews 1973) , of which one (Thornber 1970 ) is a particularly good example, that purple bacterial antenna complexes must be pigment-protein complexes rather than just pigment aggregates alone. In this short contribution we describe some of the major steps along the way from the days when purple bacterial antenna complexes were beginning to be characterized until now, when their detailed structure and function are very well understood. We illustrate our review with pictures of some of the main characters who have been involved in this work. We apologize to those people who are not included. This reflects our limited photographic collection rather than their relative contributions.
The story unfolds Figure 1 shows a photograph taken at the meeting banquet at the 1978 Ciba Foundation (now Novartis) Symposium mentioned above. It certainly reveals some interesting seventies hairstyles! Over the subsequent few years a great deal of work was carried out to characterize the purple bacterial antenna complexes, with particular emphasis on their pigment-binding apoproteins (Feick and Drews 1978; Broglie et al. 1979; . It quickly became clear that these complexes are constructed on the same modular principle. Two low molecular weight apoproteins (called α and β), together with a fixed, small number of non-covalently bound bacteriochlorophyll (BChl) and carotenoid molecules, aggregated to form the intact, oligomeric native complexes (Cogdell and Thornber 1980) . It was rapidly established that, in general, the purple bacterial antenna complexes could be divided into two classes, which we now call LH1 and LH2 (Cogdell 1986 ). Some species only had LH1, for example, Rhodospirillum (R.) rubrum. In this case the size of their photosynthetic unit was always constant at about 30-40 BChls per reaction center (Aagaard and Sistrom 1972; Zuber 1986 ). Most species, however, such as Rhodobacter (Rb.) [known in those days as Rhodopseudomonas (Rps.)] sphaeroides had both LH1 and LH2. In this case, when cells are grown at low light-intensities the size of the photosynthetic unit could be enlarged by synthesis of increasing amounts of LH2 relative to LH1 (Zuber 1986 ).
Herbert Zuber (see Figure 2 ) and his group in Zurich embarked on a major protein-sequencing program to determine the primary structure of large numbers of these apoproteins. Since these apoproteins are so hydrophobic it was possible to extract them into a solvent of 1:1 chloroform:methanol, containing 5% acetic acid. Also, because they are so small (generally about 50-60 amino acids in length) LH apoproteins can be readily purified by a combination of molecular sieve and ion exchange chromatography. Very often these proteins could then be completely sequenced by one run of repetitive Edman degradation. It is interesting to note that in this case direct protein sequencing is much faster than cloning and sequencing the corresponding genes. As a result of their efforts a large database of antenna apoprotein sequences was produced (for example, see Zuber and Brunisholz 1991).
Zuber's laboratory, and others, then carefully analyzed and compared these sequences to try to identify common structural features. In general, each apoprotein had a central hydrophobic core that was long enough to cross the photosynthetic membrane once as a transmembrane α-helix. The N-and C-termini were polar. Zuber's group pinpointed conserved histidine residues as likely ligands for the Mg 2+ at the center of the BChl macrocycles, and correlated some aromatic, potential hydrogen bonding residues with the position of the long wavelength BChl absorption bands. Figure 3 shows a topological model for the α and β components of a purple bacterial LH1 antenna complex from that time (Zuber 1987) . As the biochemical studies progressed there were several groups of physicists and chemists studying the energy transfer reactions in these antenna complexes, both in native photosynthetic membranes and in isolated, purified complexes. One paper (Kramer et al. 1984 ) was of particular significance because the available photophysical data were combined with the biochemical data to produce a model for the LH2 (Figure 4) , which eventually proved to be remarkably good, especially in the prediction of the relative orientation of the BChl molecules. Interested readers should consult the review by van Grondelle (1985) to appreciate the status of energy transfer studies at that time. Through the intervening years, detailed understanding of the energy transfer reactions that take place in purple bac-terial antenna complexes has advanced hand in hand with advances in laser technology. As the laser pulses have shortened and the laser sources become more reliable, so faster energy transfer events have been resolved and our mechanistic insights have improved. Interested readers should consult a recent book by van Amerongen et al. (2000) that clearly illustrates this point.
The next major advance occurred when these models began to be elegantly tested using the new technique of site-directed mutagenesis. This interrogation of the structure/function relationships was begun by the group headed by Doug Youvan (see Figure 2 ) (Bylina et al. 1988 ), but the major driving force in this area has been Neil Hunter in Sheffield (Hunter 1995) . The papers on the effects of changing the amino acid residues that are H-bonded to the B850 BChls in the LH2 complex from Rb. sphaeroides on the position of the Q y absorption are a beautiful example of the power of this approach (Fowler et al. 1992 (Fowler et al. , 1994 . Figure 5 shows pictures of Neil Hunter, Rienk van Grondelle (time-resolved spectroscopy) and Bruno Robert (resonance Raman spectroscopy), all of whom were involved in these studies.
In the 1980s, Paul Loach's group (Loach and Parkes-Loach 1995) developed an in vitro system to reconstitute the LH1 complex from its constituent components. This proved to be, and still is, a very useful way in which to begin to study the process of assembly of purple bacterial antenna complexes in vitro. However, there is little information about how these antenna complexes are assembled in vivo in spite of the excellent progress that was made in trying to understand the detailed molecular mechanisms involved in the harvesting of solar energy by purple bacterial Figure 6 . A picture of the first crystals of the LH2 complex from Rps. acidophila. A typical crystal in the photograph is about 100 µm in length.
antenna complexes, it was clear by the early 1980s that there was an urgent need to have a real structure of an antenna complex.
In 1983 RJC was lucky to be on a sabbatical in Munich in Hugo Scheer's laboratory. Across the city at Martinsried, Hartmut Michel had just crystallized the reaction center from Rps. viridis (Michel Figure 7 . Breakfast at a photosynthesis Gordon Conference 1991. Hartmut Michel (left) and Richard Cogdell discussing 'progress' or rather non-progress in their attempts to get a high resolution structure of purple bacterial antenna complex. For a color version of this figure, see color section in the front of the issue (Rps. acidophila (left): green, beta protein; cyan, alpha protein; magenta, B800 BChl; dark blue, B850 BChl; brown, carotenoid. R. molischianum (right): grey, beta protein; magenta, alpha protein; dark blue, B800 BChl; dark brown, B850 BChl; light brown, carotenoid).
1982), but
had not yet solved its structure (Deisenhofer et al. 1985) . Michel generously showed RJC how to go about trying to crystallize membrane proteins. Remarkably, in the first screening thin, needle-like crystals were obtained for the LH2 complex from Rps. acidophila strain 10,050 ( Figure 6 ). Little did we realize how long it would take to go from these small, poorly ordered crystals to the determination of the crystal structure of this complex. Figure 7 shows RJC and Hartmut Michel at a 1991 Gordon Conference 'happily' discussing no progress! In the meantime Hartmut himself had got highly resolving crystals of the LH2 complex from R. molischianum, and throughout this period there was a 'friendly' competition to see who could solve the structure first.
Years of methodical work followed seeking good heavy atom derivatives, which are required to solve the phase problem before being able to use the Xray diffraction data to determine structure. It was clear from Zuber's many sequences that one structure would probably reveal all. In the background, Klaus Schulten was attempting to use computational methods to solve the structure of LH2 from R. molischianum (Hu et al. 1995) . The race was finally won in Glasgow once Neil Isaacs arrived in 1989 and took up the Chair of Protein Crystallography, after which the structure was finally completed in the winter of 1994 (McDermott et al. 1995) , following 10 years of work.
It was both very exciting and emotional when the electron density map of the Rps. acidophila LH2 first appeared on the computer screen. Figure 8 shows pictures of the people who were involved at the culmination of this project.
RJC then supplied Hartmut Michel and Klaus Schulten with the co-ordinates of the Rps. acidophila structure and, by a combination of molecular replacement and computational modelling, the structure of LH2 from R. molischianum was also determined (Koepke et al. 1996) . Figure 9 shows the two structures, one with nine-fold symmetry (Rps. acidophila) and one with eight-fold symmetry (R. molischianum). With detailed structural information available, it was then possible to perform detailed quantum mechanical calculations to provide a theoretical basis for understanding both the spectroscopic properties and the energy transfer reactions of LH2. Klaus Schulten has been at the forefront of this approach (Hu et al. 1997 ) with notable contributions from other scientists in the field (Pullertis and Sundstrom 1996; Sauer et al. 1996; Scholes et al. 1999) .
Prospects for the future
Although for LH2 we now know in great detail about its structure and function, with most of its energy transfer reactions time-resolved down to a few tens of femtoseconds, virtually nothing is known concerning the assembly of LH2 in vivo. A substantial body of work has been carried out on the control of expression of genes encoding the proteins needed to produce antenna pigments and apoproteins (Young and Beatty 2003) , but the assembly processes involved to produce the intact structure in the membrane remain elusive. Furthermore we have no idea what controls the oligomeric size of LH2. Are there, for example, more variants than the nonamer and octamer structures described above? Hopefully some of these basic questions will begin to be addressed in the near future.
Recently we have been able to determine the crystal structure of the LH1/RC 'core' complex from Rps. palustris at a resolution of 4.8 Å (Roszak et al. 2003) . Good progress therefore is being made in this area. However, there now is a need to go back to the intact photosynthetic membranes and begin to 'look' at the supra-molecular architecture of how LH2 and LH1/RC 'core' complexes are arranged relative to each other. In this regard a recent Atomic Force Microscopy (AFM) study from membranes of Rps. viridis, where these core complexes have been clearly visualized, is very exciting (Scheuring et al. 2003) . Issues such as how much architectural variation is possible with retention of overall high efficiency utilization of solar energy can then start to be investigated. It is clear that research into light harvesting is moving into a very biological phase where key questions, pertaining to how the antenna system is constructed and regulated, are starting to be addressed.
